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Summary: Pennatulaceans are an important component of benthic marine communities usually related to soft bottoms. 
Despite their important ecological role, as yet little is known about their origin and divergence time. The first attempts to 
establish phylogenetic relationships among genera date from the early 20th century, when only morphological characters 
were available. In the last decade, phylogenetic analyses based on mitochondrial DNA sequences from a selected number of 
species have proposed a different hypothetical ancestor for this group, but their intergeneric relationships remain obscure. 
The present study is based on a combination of mitochondrial and nuclear markers (mtMutS, Cox1 and 28S rDNA), adding 
new molecular information about the phylogenetic relationships among the pennatulacean genera, including 38 new se-
quences belonging to 13 different species. Some of the phylogenetic relationships inferred in the present study question the 
current classification of sea pens based on morphology (at different taxonomic levels), clearly indicating that the two main 
groups Sessiliflorae and Subselliflorae, some of their main families (e.g. Pennatulidae, Umbellulidae, Virgulariidae) and 
some genera (e.g. Umbellula, Veretillum) are non-monophyletic. In addition, the veretillids, traditionally considered the most 
primitive pennatulaceans, are not shown as the earliest-diverging taxon. Moreover, an analysis of divergence time performed 
here suggested that the origin of the pennatulaceans dates from the Lower Cretaceous (Berriasian, ~144 Ma), in agreement 
with their sparsely known fossil record, while the initial divergence of most extant genera occurred in the Oligocene and 
Miocene times.
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Filogenia molecular y estimación del tiempo de divergencia en pennatuláceos (Cnidaria: Octocorallia: Pennatulacea)
Resumen: Los pennatuláceos son un componente importante de las comunidades bentónicas marinas generalmente relacio-
nados con fondos blandos. A pesar de su importante papel ecológico, la información sobre su origen y tiempo de divergencia 
es aún escasa. Los primeros intentos de establecer relaciones filogenéticas entre géneros datan de principios del siglo XX, 
cuando sólo estaban disponibles caracteres morfológicos. En la última década, los análisis filogenéticos basados en secuen-
cias de ADN mitocondrial procedentes de un limitado número de especies han propuesto un ancestro hipotético diferente para 
este grupo, pero sus relaciones intergenéricas permanecen oscuras. La presente investigación está basada en una combinación 
de marcadores mitocondriales y nuclear (mtMutS, Cox1 y ADNr 28S), aportando nueva información molecular sobre las 
relaciones filogenéticas entre los géneros de pennatuláceos, incluyendo 38 nuevas secuencias pertenecientes a 13 especies. 
Algunas de las relaciones filogenéticas inferidas en el presente estudio cuestionan la actual clasificación de las plumas de mar 
basada en la morfología (a diferentes niveles taxonómicos), indicando claramente que los dos grupos principales Sessiliflorae 
y Subselliflorae, algunas de sus principales familias (por ejemplo Pennatulidae, Umbellulidae, Virgulariidae) y algunos gé-
neros (por ejemplo Umbellula, Veretillum) son no-monofiléticos. Asimismo, los veretílidos, tradicionalmente considerados 
los pennatuláceos más primitivos, no se muestran como el taxón divergente más antiguo. Además, un análisis del tiempo de 
divergencia realizado en este trabajo sugirió que el origen de los pennatuláceos data del Cretácico Inferior (Berriasiano, ~ 144 
Ma), de acuerdo con su escasamente conocido registro fósil, mientras que la divergencia inicial de la mayoría de los géneros 
existentes ocurrió en tiempos del Oligoceno y Mioceno.
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INTRODUCTION
Anthozoan cnidarians are considered to be one of 
the most important marine bio-constructors, and they 
often dominate on rocky substrata (Roberts et al. 2006, 
Mortensen et al. 2008). These structurally complex 
communities provide refuge and food for both larval 
and adult stages of a rich associated fauna by estab-
lishing numerous symbiotic relationships as well as 
trophic interactions (Sammarco and Coll 1992, Roberts 
et al. 2010, Baillon et al. 2012). Soft bottoms account 
for about 95% of ocean depths (Cognetti et al. 2001), 
but they are an unstable substrate for the settlement of 
most of the anthozoan species and genera dominating 
in rocky areas (Chia and Crawford 1973). However, 
several anthozoans show adaptations (e.g. hooked 
basal parts in the antipatharian genus Schizopathes; 
tree-root bases in some species of the soft coral genus 
Anthomastus and the isidid Isidella; or elongated bod-
ies in the order Ceriantharia) to life in these habitats 
(see Jungersen 1927, Tiffon 1987, Opresko 2002, 
among others). Among the octocorals, pennatulaceans 
seem to be the most specialized group, with significant 
morphological adaptations, such as the presence of 
a muscular peduncle serving as an anchor system on 
soft sediments (Herklots 1858, Tixier-Durivault 1965, 
Williams 2011), although a few rock-inhabiting sea 
pen species have been discovered, modifying the basal 
portion of the peduncle as a holdfast for attachment to 
rocky substrata (Williams and Alderslade 2011).
The order Pennatulacea contains more than 200 
species considered valid, distributed in 37 genera and 
14 families (Williams 2011, 2015, García-Cárdenas et 
al. 2019). They are present in all oceans, with a bathy-
metric distribution ranging from intertidal zones to a 
depth of about 6100 m (Williams 2011). Some sea pen 
species form extensive meadows modifying the habitat 
and increasing the local diversity because of the rich 
fauna associated with them (Hughes 1998, Baillon et al. 
2014, Clippele et al. 2015). This important ecological 
role has been recognized by including pennatulaceans 
and their associated megafauna in the OSPAR list of 
threatened and/or declining species and habitats (Jones 
et al. 2000, Curd 2010).
Pennatulaceans are colonial organisms with a mus-
cular peduncle anchoring the colony to soft substrata, 
and a polypary (or rachis) where zooids are found (Her-
klots 1858, Kükenthal 1912). Both the colonial structure 
and common tissues are generated from the initial polyp, 
called the oozooid (Williams et al. 2012). The rest of the 
polyps arise by lateral budding of its body wall, and at 
least two kinds are distinguished: the autozooids (with 
a crown of eight collector tentacles, responsible for 
feeding and reproductive functions) and the siphonozo-
oids (without a crown of collector tentacles, sometimes 
having just one with varying degrees of development) 
that are responsible for water exchange to and from the 
colonial interior (Tixier-Durivault 1965, Williams et al. 
2012). Two other types, mesozooids and acrozooids, 
can be present (the former in Pennatula and Ptilella 
and the latter in Pteroeides) (see Williams et al. 2012, 
García-Cárdenas et al. 2019).
The proposed classification for octocorals by Hick-
son (1930), based on colonial forms and sclerite mor-
phological diversity, was subsequently modified by 
Bayer (1981), who divided them into three main groups. 
Among them, pennatulaceans (O. Pennatulacea) are 
clearly distinguished from other octocorals [stolonate, 
soft corals and gorgonians (O. Alcyonacea) and blue 
corals (O. Helioporacea)] by the above-mentioned co-
lonial structure (Williams 1995, Daly et al. 2007, Pérez 
et al. 2016). However, the first attempts to establish 
the possible phylogenetic relationships among the 
pennatulacean genera are attributed to Kölliker (1870), 
who used the morphological similarities and structural 
complexity of colonies to propose a common origin 
for the group (Kölliker 1880, Kükenthal and Broch 
1911). Kükenthal (1915) proposed a classification in 
which the families were divided into two suborders: 
Sessiliflorae (polyps are directly located on rachis) and 
Subselliflorae (polyps are grouped forming high ridg-
es or lateral leaves). Other proposals developed in the 
following decades (Hickson 1937, Bayer 1956, 1981) 
continued to delve into details such as autozooid and 
siphonozooid distribution, as well as the shape and or-
namentation of the sclerites (Williams 1995, Fabricius 
and Alderslade 2001, López-González and Williams 
2002). The current classification of pennatulaceans is 
exclusively based on the aforementioned morpholog-
ical set of characters (Williams 1997). More recently, 
molecular analyses have revealed possible homoplasies 
(e.g. the arrangement of autozooids in polyp leaves) 
and the consideration of non-monophyletic groupings 
within Pennatulacea (Dolan et al. 2013, Kushida and 
Reimer 2018, García-Cárdenas et al. 2019).
Hickson (1916), in agreement with Kükenthal (1912) 
and Niedermeyer (1913), considered the veretillids 
(Veretillidae) to be the most primitive pennatulaceans, 
the order probably being derived from an alcyoniid 
ancestor with radial colony symmetry (related to the 
soft coral genus Anthomastus). These thoughts on the 
basal group of the pennatulaceans were considered 
feasible until the end of the 20th century (Williams 
1994, 1997). The incorporation of molecular analysis 
to phylogenetic reconstruction in octocorals [based on 
mitochondrial markers msh1 (henceforth mtMutS) and 
ND2] has strongly supported gorgonians of the family 
Ellisellidae (one of the five families traditionally includ-
ed in the Suborder Calcaxonia; see Grasshoff 1999) as 
the sister group of the pennatulaceans (McFadden et al. 
2006). Additional molecular markers, such as Cox1 and 
the nuclear 28S rDNA, corroborated the close relation-
ship between ellisellids and pennatulaceans (McFadden 
et al. 2010). Consequently, Williams (2019) proposed 
two alternative scenarios for the placement of pennatu-
laceans: 1) pennatulaceans must be included in the Cal-
caxonia along with the five previously recognized gor-
gonian families (Ellisellidae, Ifalukellidae, Primnoidae, 
Chrysogorgiidae and Isididae; see Grasshoff 1999); and 
2) ellisellids must be removed from the Calcaxonia and 
included together with pennatulaceans in a clade named 
Actinaxonia (sensu Williams 2019). However, these hy-
potheses need to be tested using a more comprehensive 
molecular phylogeny of octocorals.
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Although there were discrepancies regarding the 
sister group of pennatulaceans, both the morphological 
and molecular methodological approaches recognized 
the monophyletic origin of pennatulaceans which, 
according to the oldest undisputed fossil record of 
pennatulaceans, might have occurred in the Late Creta-
ceous (Reich and Kutscher 2011).
McFadden et al. (2014) complemented their 
initial mitochondrial barcode for octocorals (Cox-
1+igr1+msh1, McFadden et al. 2011) with a nuclear 
segment (28S rDNA), constituting this multilocus se-
quence (mtMutS+Cox1+28S rDNA), which has been 
considered a more accurate barcode for identifying 
species of octocorals and is useful in the identification 
of intra- and intergeneric relationships of a selected 
group of pennatulaceans (García-Cárdenas et al. 2019).
Most recent phylogenetic studies in pennatulaceans 
based on mitochondrial genes (mtMutS and ND2) have 
proposed the existence of four main clades (Dolan et 
al. 2013, Kushida and Reimer 2018). However, given 
the low evolution rate of the mitochondrial genome 
in octocorals, and its uniparental inheritance, phylo-
genetic hypotheses relying solely on mtDNA could 
be biased, while the integration of both mitochondrial 
and nuclear markers (such as 28S) must be preferable 
(Bilewitch and Degnan 2011, McFadden et al. 2014, 
Núñez-Flores et al. 2020).
In the present contribution, a phylogenetic recon-
struction on the internal relationships among pennatu-
lacean taxa (suborders, families and genera) is carried 
out. A wide taxonomic coverage (providing 38 new 
pennatulacean sequences, 13 mtMutS, 13 Cox1, and 12 
28S), based on the previously proposed concatenated 
barcode for octocorals (mtMutS, Cox1, and 28S) is used 
for that purpose. Phylogenetic relationships proposed 
in previous molecular studies are discussed, as well as 
the monophyletic or non-monophyletic nature of sea 
pen families and genera. Also included here for the 
first time is a divergence time estimation for pennat-
ulaceans, which provides insights into the origination 
time of the different lineages comprising sea pens.
METHODS
Sampling
The materials examined herein were collected dur-
ing various surveys over different geographical areas 
and sampling programmes: the northeastern Arctic-At-
lantic (BIOICE programme), the northeastern Atlantic 
(Scotia cruises, INDEMARES Chica), the Mediterra-
nean Sea (INDEMARES Alborán, INDEMARES Cap 
de Creus), the southeastern Atlantic (BENGUELA 
VIII) and the Antarctic Peninsula and the eastern Wed-
dell Sea (Polarstern cruises ANT XVII/3, ANT XIX/5, 
and ANT XXIII/8) (see Table 1).
During the different expeditions, the specimens 
were sorted and labelled on board. The colonies (or 
a tissue sample from each one) were directly fixed 
in 100% ethanol for further molecular studies. The 
remaining part of the colonies was fixed in hexameth-
ylenetetramine-buffered 4% formalin-seawater or 70% 
ethanol. After the fixation period, all colonies were 
preserved in 70% ethanol. The sequenced voucher 
specimens are deposited in the Museu de Zoologia de 
Barcelona (MZB), in the Muséum National d’Histoire 
Naturelle (MNHN) in Paris and in the collection of the 
Biodiversidad y Ecología Acuática research group of 
the University of Seville (BECA).
Molecular analyses
DNA extraction and PCR profiles.
Total genomic DNA was extracted from ethanol 
(EtOH)-preserved specimens using the EZNA DNA kit 
(OmegaBiotech) following the manufacturer’s instruc-
tions. Two mitochondrial regions (mtMutS and Cox1) 
and a nuclear region (28S rDNA) were sequenced. 
The start of the mtMutS region was amplified using 
the primers ND42599F and MUT3458R (France and 
Hoover 2002, Sánchez et al. 2003). The Cox1 region 
was amplified using the primers COII8068F and CO-
IOCTR (France and Hoover 2002, McFadden et al. 
2004). The 28S nuclear ribosomal gene (28S rDNA) 
was amplified using the primers 28S-Far and 28S-Rar 
(McFadden and van Ofwegen 2013). Each PCR used 
0.5 U of DNA Stream Polymerase (BIORON), 0.2 mM 
of dNTPs, 0.3 µM of each primer and approximately 
30 ng of genomic DNA, and it was brought to a final 
volume of 25 µL with H2O. The mtMutS PCR was car-
ried out using the following cycle profile: initial dena-
turation at 94°C for 2 min, 35 cycles of denaturation 
at 94°C for 30 s, annealing at 55°C for 30 s, extension 
at 72°C for 30 s and a final extension at 72°C for 5 
min. The Cox1 PCR used the same cycle profile with 
58ºC as the annealing temperature and 40 s for exten-
sion duration on each of the 35 cycles. The 28S PCR 
used the same cycle as the Cox1 profile, but with 50ºC 
as the annealing temperature. The PCR products were 
purified using the NucleoSpin® Extract II DNA Puri-
fication Kit, following the manufacturer’s instructions. 
The purified products were electrophoresed on an ABI 
PRISM® 3730xl genetic analyser, and sequence traces 
were edited using Sequencher™ v4.0.
Phylogenetic analyses
The new sequences were compared with homolo-
gous sequences obtained from GenBank (Table 1). 
Any sequences from GenBank showing doubtful 
identity were discarded for our analyses, especially 
some attributed to the genus Anthoptilum (already 
detected by Kushida and Reimer 2018). The place-
ment of this genus was considered according to a 
recent study revealing that Anthoptilum species (An-
thoptilum grandiflorum MK91965 and Anthoptilum 
sp. 1 MK919656) have the same gene order as the 
bamboo corals Isididae sp. (EF622534) and Acanella 
eburnea (EF672731) (Hogan et al. 2019). According 
to previous molecular hypotheses (McFadden et al. 
2006, 2010, McFadden and van Ofwegen 2012), a set 
of ellisellid gorgonians was selected as an outgroup 
for the phylogenetic reconstruction (Brockman and 
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Table 1. – Pennatulaceans included in molecular phylogenetic analyses in Figure 1. Species in bold are those sequenced for this study. Note 
that all GenBank sequences are presented here along with the names as they appear in GenBank and their original publications (including 
numbers or letters).
Taxa Catalogue nos. (or additional information) Geographic area mtMutS Cox1 28S
Veretillidae
  Cavernularia pusilla BECA OPEN-465 NW Mediterranean Sea MT9689571 MT9527061 MT9519081
  Veretillum cynomorium BECA OPEN-462 NW Mediterranean Sea MT9689581 MT9527071 MT9519091
Anthoptilidae
  Anthoptilum grandiflorum NMS.Z.2019.25.16 Greenland MK91965512 MK91965512
  Anthoptilum sp. 1 NMS.Z.2019.25.1 Whittard Canyon MK91965612 MK91965612
Funiculinidae
  Funiculina quadrangularis NWFSC 34210-032 USA, eastern Pacific JN8665262 KF8741852
  Funiculina sp. 1 BECA OPEN-466 N Atlantic MT9689591 MT9527081 MT9519101
  Funiculina sp. 2 BECA OPEN-132 NE Atlantic MT9689601 MT9527091 MT9519111
Stachyptilidae
  Gilibelemnon octodentatum BECA OPEN-452 Seymour Island, Antarctica MK60384110 MK60385510 MK60385110
Halipteridae
  Halipteris sp. BECA OPEN-167 NE Atlantic MT9689611 MT9527101 MT9519121
  Halipteris californica NWFSC 34213-022 USA, eastern Pacific JN8665422 KF8742032
  Halipteris finmarchica NTM-C014596 W Pacific (Tasman Sea, AUS) DQ3028685 GQ3424253 JX2037417
  Halipteris willemoesi NWFSC 34212-052 USA, eastern Pacific JN8665332 KF8741922
Kophobelemnidae
  Kophobelemnon sp. 1 BECA OPEN-141 NE Atlantic MT9689621 MT9527111 MT9519131
  Kophobelemnon sp. 2 BECA OPEN-151 SE Atlantic MT9689631 MT9527121 MT9519141
  Kophobelemnon sp. 3 NMS.Z.2019.25.5 Whittard Canyon MK91966112 MK91966112
  Kophobelemnon sp. 4 NMS.Z.2019.25.6 Whittard Canyon MK91966212 MK91966212
  Kophobelemnon macrospinum NTM-C014985 W Pacific (Tasman Sea, AUS) DQ3028655 GQ3424293 JX2037427
Pennatulidae
  Gyrophyllum hirondellei MNHM OCT.A.579 N Atlantic MT9689641 MT9527131 MT9519151
  Gyrophyllum sp. NTM-C014392=NOR89/53 W Pacific (Tasman Sea, AUS) DQ3028695 JX2038657 JX2037407
  Ptilella grayi NMS.Z.2019.2.2 Rockall Bank, NE Atlantic MK60384610 MK60385610 MK60385310
  Ptilella grandis BECA OPEN-143 South Iceland, NE Atlantic MK60384410 MK60386010 MK60385410
  Pennatula aculeata NMS.Z.2019.25.7 Whittard Canyon MK91966312 MK91966312
  Pennatula rubra BECA OPEN-139 Alborán, Mediterranean Sea MK60384510 MK60385710 MK60385210
  Pennatula phosphorea BECA OPEN-453 Sea of  Hebrides, NE Atlantic MK60384810 MK60385810 MK88249210
  Pennatula sp. BECA OPEN-152 Ross Sea, Antarctica MK60384910 MK60385910 MK88249310
  Pteroeides griseum BECA OPEN-140 NW Mediterranean Sea MT9689651 MT9527141 MT9519161
  Ptilosarcus gurneyi NWFSC 34212-082 USA, eastern Pacific JN8665362 KF8741952
Umbellulidae
  Umbellula huxleyi BECA OPEN-161 NE Atlantic MT9689661 MT9527151 MT9519171
  Umbellula sp. A BECA OPEN-464 Antarctica MT9689671 MT9527161
  Umbellula sp. B BECA OPEN-463 Antarctica MT9689681 MT9527171 MT9519181
  Umbellula sp. 1 NMS.Z.2019.25.12 Whittard Canyon MK91966912 MK91966912
  Umbellula sp. 2 NMS.Z.2019.25.13 Porcupine Bank, Ireland MK91967012 MK91967012
  Umbellula sp. 3 NMS.Z.2019.25.14 Whittard Canyon MK91967112 MK91967212
Virgulariidae
  Virgularia mirabilis BECA OPEN-310 Mediterranean Sea MT9689691 MT9527181 MT9519191
  Virgularia schultzei RMNH Coel. 40823 Western Cape Province, S. Africa GQ3425273 GQ3424593 JX2037433
  Acanthoptilum gracile NWFSC 34213-027 USA, eastern Pacific JN8665442 KF8742052
Renillidae
  Renilla sp. CSM-2010-UF4000 E Pacific, Gulf of Panama GQ3425263 GQ3424553
  Renilla muelleri SCF-FLA E Pacific DQ2974325
  Renilla muelleri n. d. n. d. NC_0183788
Protoptilidae
  Protoptilum carpenteri NMS.Z.2019.25.10 Whittard Canyon MK91966712 MK91966712
  Distichoptilum gracile NTM-C014561 W Pacific (Tasman Sea, AUS) DQ3028665 GQ3424543 JX2037397
Echinoptilidae
  Actinoptilum molle RMNH Coel. 40822 Eastern Cape Province, S. Africa GQ3424913 GQ3424143 JX2037387
Ellisellidae
  Nicella sp. AMQ-2013 NW Atlantic KC7882699 KC7882319
  Nicella sp. AMQ-2016 NW Atlantic KX8902199
  Ctenocella schmitti JAS-238 NW Atlantic JN2279954 FJ26862811
  Verrucella sp. NTM-C014982 Tasman Sea, AUS DQ3028645
  Verrucella sp. RMNH Coel. 40030 West Papua, Indonesia JX2038517 JX2037047
  Viminella sp. 1 RMNH Coel. 40032 West Papua, Indonesia JX2037947 JX2038527 JX2037037
Abbreviations: NMS, National Museum Scotland Smithsonian (Scotland, UK); MNHM, Muséum National d’Histoire Naturelle (Paris, 
France); BECA, Biodiversidad y Ecología Acuática (Seville, Spain); MBARI, Monterey Bay Aquarium Research Institute (California, USA); 
NWFSC, Northwest Fisheries Science Center (Seattle, USA); NTM, Museum and Art Gallery of the Northern Territory (Darwin city, Aus-
tralia); RMNH, Rijksmuseum van Natuurlijke Historie (Leiden, Netherlands); SCF, Collection of S.C. France (USA); JAS, Collection of J. A. 
Sánchez; AMQ, Collection of A. M. Quattrini; n.d., no data.
References: (1) This study; (2) Elz et al. unpublished; (3) Brockman and McFadden 2012; (4) Pante et al. 2012; (5) McFadden et al. 2006; (6) 
Everett et al. 2016; (7) McFadden and van Ofwegen 2012; (8) Kayal et al. 2013; (9) Quattrini et al. 2013; (10) García-Cárdenas et al. 2019; 
(11) France and Pante unpublished; (12) Hogan et al. 2019.
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McFadden 2012, Everett et al. 2016, Kushida and 
Reimer 2018).
Individual genes were tested for substitution satura-
tion using the DAMBE software (Xia et al. 2003, Xia 
and Lemey 2009). MtMutS, Cox1 and 28S showed low 
levels of substitution saturation at the third position.
The set of new sequences obtained in this study 
(mtMutS, Cox1, 28S) and those from GenBank were 
aligned using the MUSCLE alignment method imple-
mented in MEGA 6 (Tamura et al. 2013). The concate-
nated dataset involved 45 nucleotide mtMutS, 45 Cox1 
and 27 28S sequences. The alignment was 704 bp for 
mtMutS (63% conserved positions), 775 bp for Cox1 
(80% conserved), 790 bp for 28S (54% conserved) and 
2323 bp for the concatenated mtMutS+Cox1+28S data-
set. After alignment, the best nucleotide substitution 
model was selected using Modeltest implemented in 
MEGA 6, according to the Akaike information crite-
rion and hierarchical likelihood ratio test values. The 
phylogenetic reconstruction was obtained by applying 
the maximum likelihood and Bayesian inference meth-
ods. The maximum likelihood method was carried out 
in MEGA 6 using the nearest neighbour interchange 
heuristic method and 1000 bootstrap replications. The 
selected nucleotide substitution model was T92+G for 
the concatenated mtMutS+Cox1+28S. The Bayesian in-
ference was carried out with MrBayes v3.1.2 (Huelsen-
beck and Ronquist 2001, Ronquist and Huelsenbeck 
2003), using the substitution model GTR+G (lset nst=6 
rates=gamma) and 107 generations and discarding 25% 
of the initial trees. For comparative purposes and dis-
cussion, the clade designations I-IV used in previous 
phylogenetic studies (Dolan et al. 2013, Kushida and 
Reimer 2018) were used here, although some of these 
might not be supported by our study.
In order to observe the effect of the mitochondrial or 
nuclear marker used, additional phylogenies were ob-
tained based on the individual markers and the concat-
enated mtMutS+Cox1. The conditions of phylogenetic 
reconstruction were similar to those described above. 
The selected nucleotide substitution models used were 
T92+G+I for mtMutS, Cox1 and mtMutS+Cox1; and 
K2+G for 28S. Resulting trees were included in sup-
plementary material (Figs S2-S5). When substitution 
saturation was detected, two additional Bayesian infer-
ences were carried out in the same conditions, using 
(A) the 1st, 2nd and 3rd codon positions of mt-genes; and 
(B) only the 1st and 2nd positions (excluding possible 
saturated positions at the 3rd codon). The resulting trees 
were practically identical, only with slight differences 
in certain node support values (for example from 0.96 
PP to 0.98 PP). This indicates that the little saturation 
detected with DAMBE does not influence the genus 
relationships showed here.
Analysis of time divergence
The analysis of time divergence was undertaken 
within a Bayesian framework in BEAST 2.5.0 (Bouc-
kaert et al. 2014), using the 45 taxa from which at least 
two of the three loci were available. BEAST allows 
topologies to be considered “fixed” or estimated to 
accommodate for phylogenetic uncertainty (Bouckaert 
el al. 2014, Drummond and Rambaut 2007). Here, we 
chose the second approach because the posterior node 
probabilities of Bayesian phylogeny were relatively 
low in few cases. Several works have emphasized 
the importance of the rigorous selection of an appro-
priate clock model (e.g. Duchêne et al. 2014), and to 
this end four models were compared: i) relaxed with 
an exponential local type distribution; ii) relaxed with 
a log-normal type distribution; iii) random local; and 
iv) strict. For each model, we estimated their marginal 
likelihoods using the nested sampling approach imple-
mented in the NS package of BEAST 2 (Maturana et al. 
2018) and used the Bayes factor to obtain the best-sup-
ported model. In each of these models, the three parti-
tions were treated as linked, and we used a pure-birth 
(Yule) tree prior (Bouckaert el al. 2014, Drummond 
and Rambaut 2007, Drummond and Bouckaert 2015). 
The Yule model is a simple model of speciation that is 
generally more appropriate for considering sequences 
from different species (Drummond and Bouckaert 
2015). The absolute estimates of divergence times were 
calculated after one-fossil calibrations (see Fossil cali-
bration section below). For the best-supported model 
of molecular clock, two independent runs of 100 mil-
lion generations, sampling every 10000 generations, 
were performed. Runs were considered complete with 
effective sample sizes greater than 200 for all param-
eters (Rambaut et al. 2018). LogCombiner (Rambaut 
and Drummond 2010) was used to combine the log 
files from the independent BEAST runs. TreeAnnota-
tor (Rambaut and Drummond 2010) was used to sum-
marize resulting tree samples into a single consensus 
tree using the maximum clade credibility, mean height 
options and discarding 10% of trees as burn-in. The 
maximum clade credibility summarized the 95% high-
est posterior density (HPD) limits of the node age.
Fossil calibration. The oldest undisputed pennatu-
lacean fossil comes from several Late Cretaceous beds 
in Europe and North America (Reich and Kutscher 
2011). These forms were assigned to the genera 
‘Graphularia’ (4 spp.) and Glyptosceptron (1 sp.; see 
details in Reich and Kutscher 2011), which are from 
the lower to upper Maastrichtian (66-72.1 Ma) of the 
Netherlands, Germany, Belgium, USA and Ukraine. 
The other well-recognized fossil record of pennatu-
laceans is from the Early to Middle Eocene (41.2-47.8 
Ma) of Trinidad (Pointe-a-Pierre Formation) based on 
the recognition of Virgularia presbytes (Bayer, 1955), 
a genus with extant representatives. The age of the 
most recent common ancestor of the genus Virgularia 
(ca. 41.2 Ma) was set as an offset, while the mean and 
standard deviation of the log-normal distribution was 
set as M=2 and S=1. We avoid using the age of the 
oldest undisputed pennatulacean fossil in our time cali-
bration analyses (Reich and Kutscher 2011) because it 
would certainly restrict the early origin of this poorly 
fossiliferous clade. In the following paragraphs we use 
the standard abbreviation ‘Ma’ (= million years ago) 
for the age of a specific moment in the geological past 
(Aubry et al. 2009).
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Our phylogenetic analysis based on the concat-
enated mtMutS+Cox1+28S data sets showed the distri-
bution of a set of sea pen genera into two related and 
well-supported clades [Clade I and Clade II, bootstrap 
(bst) >75%, posterior probability (PP) >0.90], and the 
rest of genera into two groupings whose relationships 
varied slightly depending on the phylogenetic method 
used (Fig. 1). The Bayesian inference method grouped 
the genera Gyrophyllum, Kophobelemnon and Halip-
teris, as well as a sequence attributed to a species of 
Umbellula (Umbellula sp. 2 MK919670) with strong 
support (0.98 PP), and not including the genus Funi-
culina, which formed a separate well-supported clade. 
The maximum likelihood method grouped the genera 
Gyrophyllum, Funiculina, and Kophobelemnon with 
strong support (96% bst) into what we have named 
Clade III, as a sister group of Clade I-Clade II, while 
Umbellula sp. 2 was reunited with the genus Halipt-
eris, constituting a relatively poorly supported Clade 
IV (60% bst) (see Fig. 1, bottom box).
The distribution of genera obtained was not in 
agreement with the old commonly used suborders 
(Sessiliflorae and Subselliflorae). The genera with 
polyp leaves (previously under Subselliflorae) were 
located in different clades (Pteroeides and Virgularia 
within Clade I but Ptilella, Acanthoptilum, Ptilosarcus 
and Pennatula within Clade II), while species without 
polyp leaves (previously under Sessiliflorae) were 
found throughout all the groupings. As a result of this, 
the traditional suborders Sessiliflorae and Subselliflo-
rae can no longer be recognized here as monophyletic 
groupings.
Colonies with radial symmetry (characterized by 
their cylindrical-clavate colonial shape and zooids 
without permanent calyces distributed evenly over the 
entire surface of rachis), represented here by the gen-
era Cavernularia, Veretillum and Actinoptilum, were 
observed within Clades I and II (Fig. 1), while colo-
nies with bilateral symmetry were widely distributed 
throughout the tree. These examples of morphological 
distribution illustrate the lack of concordance between 
molecular and traditional morphological groupings.
Status of traditional families
Of the 14 families currently in use in Pennatulacea, 
12 were included in our phylogenetic analysis (Fig. 1, 
families are represented by symbols in the tree). Those 
families represented here by a single genus (such as 
Anthoptilidae, Funiculinidae, Stachyptilidae, Halip-
teridae, Kophobelemnidae, Renillidae and Echinopti-
lidae), most of them with more than a single species, 
showed a common origin, except for Umbellulidae 
(see below). Those families with two or more genera 
(such as Protoptilidae, Pennatulidae and Virgulariidae) 
were not recovered as monophyletic groups, except 
for Veretillidae, whose genera Cavernularia and Ver-
etillum (including its type species V. cynomorium), 
were reunited within Clade I with strong support (bst 
=100%, PP=1).
The protoptilid genera Protoptilum and Distichop-
tilum, although located within the same Clade II, were 
not shown close to one another, the latter being the 
sister group of Ptilella (bst =49%, PP=1). The pen-
natulid genera were distributed within different clades: 
Pteroeides within Clade I with moderate support (bst 
=43%, PP=0.95); Pennatula and Ptilosarcus within 
Clade II with strong support (bst =92%, PP=0.98); and 
Gyrophyllum as the sister group of Kophobelemnon 
(PP=0.98). Ptilella (included tentatively in Pennatu-
lidae) was placed within Clade II with strong support 
(bst =99%, PP=1) but not close to the other pennatulids 
Pennatula and Ptilosarcus. The two virgulariid genera 
(Virgularia and Acanthoptilum) were placed within 
two different clades: Virgularia within Clade I with 
moderate support (bst =43%, PP=0.95), and Acanthop-
tilum within Clade II with strong support (bst =99%, 
PP=1). The family Echinoptilidae represented here by 
the genus Actinoptilum was placed within Clade II, as 
the sister group of a clade including Renilla, Acanthop-
tilum, Ptilosarcus and Pennatula, with strong support 
(bst =99%, PP=1). The family Renillidae represented 
by the genus Renilla was located within Clade II with 
strong support (bst =100%, PP=1), as the sister group 
of the virgulariid genus Acanthoptilum. The family 
Umbellulidae represented by the genus Umbellula was 
placed within Clade I with strong support (bst =100%, 
PP=1), as the sister group of Anthoptilum spp. How-
ever, a sequence identified as Umbellula sp. 2 was re-
lated to Kophobelemnon, Gyrophyllum and Halipteris 
(PP=0.98). In the maximum likelihood hypothesis (see 
Fig. 1, bottom box), this sequence was only close to 
Halipteris spp. with moderate support (bst= 60%) (see 
Discussion). The family Funiculinidae, represented 
by the genus Funiculina with strong support (bst 
=100%, PP=1), had an unsupported location outside 
these previously described groupings, although in the 
maximum likelihood tree these sequences constituted 
the sister group of Kophobelemnon, with low support 
(bst=34%). Our results indicated that the placement 
of Funiculina spp. is mainly due to the addition of the 
nuclear segment 28S and not only due to the method 
used (Table S1). Phylogenies (maximum likelihood 
and Bayesian inference) based on mtMutS (Fig. S2), 
Cox1 (Fig. S3) and the combined mtMutS+Cox1 (Fig. 
S4) supported the inclusion of Funiculina within Clade 
III or IV, in contrast to the phylogeny based on 28S 
(Fig. S5) showing an unsupported placement outside 
the mentioned groupings (see Table S1 and Discus-
sion). Finally, the family Anthoptilidae represented by 
the genus Anthoptilum was within Clade I with moder-
ate support (bst =79%, PP=0.95) with Umbellula spp. 
as the sister group.
Clade classification in Pennatulacea
Our results show that supra-generic groupings dis-
tributed in clades resulting from molecular analyses are 
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inconsistent with the traditional grouping of families 
based on morphological features, as there are genera 
with different colonial forms gathered in the same 
clade. Clade I with strong support (bts=98%, PP=1) is 
here formed by a mixture of bilateral, radial, elongated 
and clavate colony growth (Fig. 1).
Fig. 1. – Phylogenetic relationships in the order Pennatulacea based on Bayesian inference (BI) for combined regions mtMutS+Cox1+28S. A 
partial phylogeny based on ML is shown in the bottom box (see Results for additional comments), highlighted by asterisk are those groupings 
that change according to BI method (see Discussion). Posterior probability and bootstrap supporting values are indicated.
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Clade II (bts=99%, PP=1) gathered species be-
longing to six families of bilateral symmetry, except 
for Actinoptilum (radial symmetry). This clade in-
cludes genera with long-flagelliform colonies (e.g. 
Protoptilum, Distichoptilum), pansy-shaped (e.g. 
Renilla), with polyp leaves of moderate development 
(e.g. Acanthoptilum) and with well-developed polyp 
leaves (e.g. Ptilella). Among these genera, Protop-
tilum, Distichoptilum and Ptilella seem to be the 
earliest-diverging taxa, the Pennatula grouping being 
the most derived one.
The final grouping was made up of species belong-
ing to four families covering different colony mor-
phologies, including colonies with and without polyp 
leaves (e.g. Gyrophyllum and Kophobelemnon, respec-
tively), or elongated and long-flagelliform forms (e.g. 
Halipteris). Finally, Funiculina sequences constituted 
a separate grouping, without a clear relationship to pre-
viously mentioned clades.
Time-tree analysis
The estimated marginal likelihood for the time-
tree analysis under different clock models indicated 
that the relaxed log-normal is the best supported one 
(Table S2). The result of this model is represented in 
Figure 2 (and Fig. S1). The divergence dates inferred 
by the Bayesian relaxed clock analyses indicated 
Lower Cretaceous age (Berriasian age; inferred mean 
age of 144.3 Ma; HPD 95%: 65.7–249.1 Ma) for the 
origin of Pennatulacea. In addition, the four main lin-
eages within Pennatulacea were originated soon after, 
with Clade I and II diverged during the Hauterivian 
age (Lower Cretaceous; inferred mean age of 132.4 
Ma; 95% HPD: 64.1–229.9 Ma). The groupings ob-
tained in the BEAST analysis were similar to those 
from MrBayes, even considering the uncertain affini-
ties of the genus Funiculina (Figs 2, S1). The last ge-
nus appears to begin its diversification in the middle 
Miocene (inferred mean age of 15.6 Ma; 95% HPD: 
2.2–36.4 Ma). The most recent common ancestor of 
the genera Halipteris, Kophobelemnon and Gyroph-
yllum is from the Coniacian age (Upper Cretaceous; 
inferred mean age of 89.3 Ma; 95% HPD: 35.2–161 
Ma). The beginning of the diversification of most 
genera with more than one sequence, excepting Vir-
gularia, Gyrophyllum and Ptilella, occurred during 
Oligocene and Miocene times (ranging from 33.9 to 
5.3 Ma). Finally, veretillids (including Cavernularia 
and Veretillum), appear to have diversified only after 
the late Eocene (inferred mean age of 36.9 Ma; 95% 
HPD: 10.3-70 Ma).
Fig. 2. – Calibrated tree from Time Divergence Analysis (based on mtMutS+Cox1+28S) showing the divergence among genera, and the 
diverse pennatulacean colonial morphologies. Red dot indicates fossil calibration point. The confidence intervals of the divergence age 
estimates are indicated at each node.
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DISCUSSION
Monophyly of basal divergences in pennatulaceans
Hickson (1916:131) had already highlighted the 
difficulty of carrying out systematic studies on Pen-
natulacea based on features such as colonial symmetry 
because of the wide range of variation of those char-
acters overlapping among genera and species. As has 
happened before with other octocoral groups, there 
is an evident lack of agreement between the current 
systematics of pennatulaceans based on morphological 
characters (see Kükenthal 1915, Hickson 1930, Wil-
liams 1997, among others) and phylogenetic hypoth-
eses generated from molecular data (McFadden et al. 
2006, Dolan et al. 2013, Kushida and Reimer 2018, 
among others). The presence of homoplastic characters 
(e.g. convergence and reversals) is a serious concern in 
the formulation of a reliable evolutionary hypothesis of 
pennatulaceans based only on morphology (Landing et 
al. 2015, Pérez et al. 2016).
However, several synapomorphies observed in sea 
pens have traditionally been used to differentiate pen-
natulaceans from other octocorals and support them as 
a monophyletic group (Hickson 1930, 1937, Williams 
1994). In the last decades, despite the inclusion of un-
suitable markers or doubtful sequences that questioned 
this common origin (see results of Berntson et al. 
1999, 2001), most of the molecular studies carried out 
have corroborated the monophyletic origin of pennat-
ulaceans with strong support (McFadden et al. 2006, 
Everett et al. 2016, Kushida and Reimer 2018).
The use of the two traditional suborders, Sessiliflo-
rae and Subselliflorae (Kükenthal 1915), until the early 
1990s (e.g. Hickson 1916, Tixier-Durivault 1965, Wil-
liams 1990) has been avoided in recent decades since 
Williams (1995: 136) questioned the validity of these 
groupings. In monographic works the different families 
were simply listed from the most structurally simple 
colonies (radial forms such as veretillids) to the most 
structurally complex ones (bilaterals bearing well-de-
veloped polyp leaves such as pennatulids), the latter 
often being considered from a morphological point of 
view as the most derived forms (Williams 1997, López-
González and Williams 2002). In the present study, 
using a molecular barcode for octocorals and a wider 
taxa sampling range, this traditional classification into 
suborders has been clearly shown as a non-monophy-
letic one, in agreement with previous molecular studies 
(McFadden et al. 2006, Dolan et al. 2013, Kushida and 
Reimer 2018). Therefore, although Sessiliflorae and 
Subselliflorae are still mentioned from a practical point 
of view (e.g. Yesson et al. 2012, Hogan et al. 2019), it 
is evident that they are non-monophyletic groupings, 
the internal morphological evolution of each clade still 
being difficult to understand.
Current status of traditional families
Morphological traits have been used to categorize 
the extant pennatulaceans into 14 families, 37 genera 
and approximately 200 considered valid species (Wil-
liams 2011, 2015, García-Cárdenas et al. 2019) accord-
ing to the most important contributions concerning the 
order Pennatulacea (e.g. Kükenthal and Broch 1910, 
Kükenthal 1915, Hickson 1916, among many others). 
However, recent molecular studies have failed to re-
cover the monophyly of some of these families, such as 
Umbellulidae, Pennatulidae, Virgulariidae, Protoptili-
dae, Scleroptilidae, Stachyptilidae and Kophobelemni-
dae (Dolan et al. 2013, Kushida and Reimer 2018). The 
present study, including seven genera not previously 
sequenced and additional mitochondrial sequences and 
molecular markers, confirmed the non-monophyletic 
nature of some of these families (such as Protoptilidae, 
Virgulariidae or Pennatulidae).
The family Veretillidae, which includes most of 
the structurally simplest and radial colonial forms ob-
served in pennatulaceans, have been considered since 
the early 19th century as transitional forms between 
soft corals and pennatulaceans (Koch 1878). The idea 
that Veretillidae and Echinoptilidae were the earliest-
diverging taxa in phylogenies based on morphology 
spread during the early (Kükenthal and Broch 1910, 
Niedermeyer 1913, Hickson 1916) and late (Williams 
1994, 1997) 20th century and the transition to the 21st 
century (López-González and Williams 2002), before 
molecular approaches postulated a different origin and 
basal relationships of pennatulaceans from those of the 
rest of the octocoral taxa (McFadden et al. 2006, Dolan 
et al. 2013). In contrast to that traditional idea, and fol-
lowing later molecular postulates, our phylogeny does 
not support the hypothesis that Veretillidae and Echi-
noptilidae are located at a basal position, exemplifying 
the ancestral sea pen morphology.
Recent phylogenies based on the mitochondrial 
markers ND2 and mtMutS including sequences of the 
veretillid genera Veretillum and Cavernulina showed 
them to be closely related to sequences of the genus 
Sclerobelemnon (Kophobelemnidae) and placed all of 
them within Clade I with moderate support (Kushida 
and Reimer 2018: 9). Our research includes new addi-
tional veretillid sequences belonging to Cavernularia 
(C. pusilla) and Veretillum (including the type species 
V. cynomorium Pallas, 1766). In our phylogeny these 
veretillids (Cavernularia and Veretillum) are gathered 
in a clade with strong support (bst= 100%, PP= 1) 
within Clade I (Fig. 1). An additional exploratory max-
imum likelihood analysis based on mtMutS including 
all available mtMutS sequences from GenBank (Fig. 
S2) revealed that sequences attributable to the Pacific 
species Veretillum sp. 1 (MK133435) and Veretillum 
sp. 2 (MK133539, MK133545, MK133526) from 
Kushida and Reimer (2018) (although falling into the 
same Clade I) were not close to our sequence of the 
type species V. cynomorium, but rather close to Cav-
ernulina and Sclerobelemnon sequences, in a different 
grouping. Thus, the inclusion of Pacific and Mediterra-
nean (type species) sequences in a single genus would 
result in a paraphyletic taxon. This fact suggests the 
need for a detailed morphological study of Pacific col-
onies, as they could belong to a different genus, despite 
their possible similar morphological appearance. In 
short, with current information, the family Veretillidae 
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seems to be a monophyletic grouping within Clade I 
(Fig. 1). The gathering of further molecular data on 
the remaining veretillid genera (such as Lituaria or 
Amphibelemnon) would be desirable in order to better 
delineate the monophyletic nature of the current list of 
genera included in the family Veretillidae.
The family Echinoptilidae (including Actinopti-
lum and Echinoptilum) was traditionally considered 
the other earliest-diverging taxon in the phylogeny of 
pennatulaceans, mainly because of its radially symmet-
rical rachis (or at least in its distal portion) (Kükenthal 
and Broch 1911, Niedermeyer 1913, Williams 1992). 
Kushida and Reimer (2018) considered radial sym-
metry only for those species included in Veretillidae 
(Veretillum, Cavernulina) within Clade I, the rest of 
taxa in Clade I and all taxa within the Clades II, III and 
IV being bilaterals (Kushida and Reimer 2018:5). Nev-
ertheless, both echinoptilid genera exhibit radial sym-
metry in colonies to different degrees (Williams 1995). 
The phylogeny proposed by these authors showed the 
genus Echinoptilum as a derived taxon with strong 
support within Clade II, with Renilla-Pennatula as the 
sister group. In our study, the sequence attributable to 
the other echinoptilid genus, Actinoptilum molle, was 
also located as a derived taxon within Clade II as the 
sister group of a [(Renilla-Acanthoptilum)-(Ptilosar-
cus-Pennatula)] clade.
The family Protoptilidae, including the genera Pro-
toptilum and Distichoptilum, is here recognized as a 
non-monophyletic taxon, in agreement with Kushida 
and Reimer (2018). The family Renillidae, constituted 
by the genus Renilla, was not close to Veretillidae (as 
was suggested from morphology, see Williams 1997, 
Pérez and Ocampo 2001), supporting the results of 
Dolan et al. (2013) and Kushida and Reimer (2018). 
In our phylogeny, Renilla is the sister group of Acan-
thoptilum (Virgulariidae), and both are a sister group 
to Ptilosarcus-Pennatula (Pennatulidae). The family 
Anthoptilidae, represented here by Anthoptilum sp. 
1 MK919656 and A. grandiflorum MK919655, was 
placed within Clade I as the sister group of Umbellula, 
and not occupying an ancestral position as was suggest-
ed by Dolan et al. (2013, Fig. 1). As commented above, 
the two best-represented families of pennatulaceans 
Pennatulidae and Virgulariidae (Williams 1995) are 
here recognized as non-monophyletic groupings, in 
agreement with Dolan et al. (2013) and Kushida and 
Reimer (2018).
The family Umbellulidae is shown here as a 
non-monophyletic grouping, as observed in previous 
works (Dolan et al. 2013, Kushida and Reimer 2018) 
(Figs 1, 2, S2). As the type species of Umbellula, U. 
encrinus (Linnaeus, 1758), falls into Clade I, that set of 
sequences has to be considered as the genus Umbellu-
la. Although the genus Umbellula was involved in old 
hypotheses postulating the deep-sea origin of pennatu-
laceans (Kölliker 1880), other authors (Marshall 1883) 
recognized Umbellula as a highly modified form. In 
the 20th century, the Umbellulidae was considered as a 
highly derived family among the authors who support-
ed the shallow-water origin of pennatulaceans (Küken-
thal and Broch 1911, Williams 1997, among others). 
Our research supports a later divergence of Umbellula 
within Clade I (Fig. 2).
The inclusion in our study of the nuclear marker 28S 
was useful in order to reinforce the support of Clades I 
and II. However, it also highlighted the unstable loca-
tion of the genera Funiculina and Halipteris (see Figs 
1, S2-S5, and Table S1) depending on the phylogenetic 
approach used. Clade III and Clade IV identified by 
Kushida and Reimer (2018) were recovered in our 
study (with high or relatively low support, bst 96% and 
60%, respectively) only when the maximum likelihood 
method was used, while Bayesian inference indicated 
a different phylogenetic hypothesis. Therefore, the in-
clusion of the 28S locus allows us, on the one hand, to 
reinforce the support of Clades I and II, but also pro-
vides evidence of the instability in clades proposed by 
previous studies, probably requiring greater taxonomic 
and molecular sampling.
In general, our results, based on a combina-
tion of mitochondrial and nuclear segments 
(mtMutS+Cox1+28S), indicate the monophyletic origin 
of most of sea pen genera with strong support (1 PP). 
This is one of the few common points in which mor-
phology and molecular studies agree.
Time divergence estimation in pennatulaceans
Very little is known about the time frame of pen-
natulacean evolution, and our study is the first at-
tempt to build a time-calibrated phylogeny based on 
Bayesian relaxed molecular clock analysis. The Lower 
Cretaceous (Berriasian, ~144 Ma) estimation for the 
divergence of the Pennatulacea from their sister group 
Ellisellidae is slightly older than those recently inferred 
(estimated age of its most recent common ancestor as 
82-125 Ma; see Bilewitch 2014). However, it is highly 
consistent with previous studies regarding estimations 
of the divergence time of Calcaxonia (with which pen-
natulaceans have been related; 120-300 Ma; Park et al. 
2012), as well as with the age of the oldest undisputed 
pennatulacean fossils so far recovered (Reich and 
Kutscher 2011).
The Cretaceous is well-known as a greenhouse 
period caused largely by increased CO2 from elevated 
global volcanic activity (e.g. Takashima et al. 2006, 
Prokoph et al. 2008), but it also is the last stage in 
the Gondwana break-up, and displays high rates of 
seafloor spreading, high sea levels (as much as 260 m 
above the present) and high ocean temperatures (sur-
face waters >35°C and deep-ocean water >20°C), as 
well as evidence for changes in global ocean circula-
tion (Haq et al. 1987, Pearson et al. 2001, Friedrich 
et al. 2012). The global climatic conditions during the 
Berriasian, when the origin of pennatulaceans likely 
occurs, were generally arid and the sea level was rather 
low (Föllmi 2012). The Berriasian also coincides with 
an extinction phase (Tithonian/Berriasian), which, 
however, apparently affected continental life more 
strongly than marine life (Föllmi 2012). In addition, 
during the Lower Cretaceous several oceanic anoxic 
events occurred, representing time intervals of usually 
relatively short duration (<1 Ma) in which intermediate 
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and bottom-water masses became depleted in oxygen 
(Föllmi 2012).
Our results therefore reinforce the notion that the 
Cretaceous was a pivotal time in octocoral evolution, 
because several clades appear to begin their diver-
sification in this epoch (e.g. primnoids; Taylor et al. 
2013). The main clades recovered here appear to have 
diverged quickly (Hauterivian-Berriasian) after their 
initial pennatulacean origins (Fig. 2), and this finding 
indicates that the early phase of their diversification 
took place in a greenhouse period and especially in 
periods of dramatic environmental changes (Prokoph 
et al. 2008, Föllmi 2012). Consequently, changes in 
sea temperature and oceanic anoxic events would have 
played a role in forcing pennatulacean diversification, 
and probably also vertical displacement (submersion 
and emersion of lineages) throughout the complete 
colonizable bathymetry, as it has been demonstrated 
that sea pens are one of the zoological groups present 
over the widest bathymetric range (0-6100 m depth) 
(Williams 2011). Our results also provide further sup-
port for a late origination of veretillids (late Eocene), 
contrasting with the early notion based on morpholog-
ical features previously discussed.
Finally, it is evident that the single available fossil 
calibrations used on the present work have an impact 
on the quality of the resulting chronogram. We thus 
stress that this chronogram must be regarded as the 
first attempt to produce a time-calibrated sea pen tree. 
Only after achieving a wider sampling of molecular 
information will we be able to refine or even test the 
interpretations offered in the present work.
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Fig. S1. – Calibrated tree from time divergence analysis. Phyloge-
netic relationships were based on Bayesian inference methods 
for combined regions mtMutS+Cox1+28S. Bars indicate the 
95% highest posterior density with the inferred mean age. Red 
dot indicates fossil calibration point.
Fig. S2. – Phylogenetic relationships in the order Pennatulacea 
based on the maximum likelihood method for the marker mt-
MutS. Posterior probability and bootstrap supporting values are 
indicated on the different nodes. See Table S3 for species and 
GenBank accession numbers used in this tree.
Fig. S3. – Phylogenetic relationships in the order Pennatulacea 
based on the maximum likelihood method for the marker Cox1. 
Posterior probability and bootstrap supporting values are indi-
cated on the different nodes. See Table 1 for species and Gen-
Bank accession numbers used in this tree.
Fig. S4. – Phylogenetic relationships in the order Pennatulacea 
based on the maximum likelihood method for the concatenated 
mitochondrial markers mtMutS+Cox1. Posterior probability and 
bootstrap supporting values are indicated on the different nodes. 
See Table 1 for species and GenBank accession numbers used 
in this tree.
Fig. S5. – Phylogenetic relationships in the order Pennatulacea 
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based on the maximum likelihood method for the nuclear mark-
er 28S. Posterior probability and bootstrap supporting values 
are indicated on the different nodes. See Table 1 for species and 
GenBank accession numbers used in this tree.
Table S1. – Different composition of Clade III according to the 
markers and phylogenetic methods used. G, Gyrophyllum; K, 
Kophobelemnon; F, Funiculina; H, Halipteris; ML, maximum 
likelihood method; BI, Bayesian inference.
Table S2. – Results from the molecular clock model comparisons.
Table S3. – GenBank accession number of mtMutS sequences used 
in Figure S2.
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Fig. S1. – Calibrated tree from time divergence analysis. Phylogenetic relationships were based on Bayesian inference methods for combined 
regions mtMutS+Cox1+28S. Bars indicate the 95% highest posterior density with the inferred mean age. Red dot indicates fossil calibration 
point.
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Fig. S2. – Phylogenetic relationships in the order Pennatulacea based on the maximum likelihood method for the marker mtMutS. Posterior 
probability and bootstrap supporting values are indicated on the different nodes. See Table S3 for species and GenBank accession numbers 
used in this tree.
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Fig. S3. – Phylogenetic relationships in the order Pennatulacea based on the maximum likelihood method for the marker Cox1. Posterior 
probability and bootstrap supporting values are indicated on the different nodes. See Table 1 for species and GenBank accession numbers 
used in this tree.
Fig. S4. – Phylogenetic relationships in the order Pennatulacea based on the maximum likelihood method for the concatenated mitochondrial 
markers mtMutS+Cox1. Posterior probability and bootstrap supporting values are indicated on the different nodes. See Table 1 for species and 
GenBank accession numbers used in this tree.
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Table S1. – Different arrangement of genera in “Clade III” according to the markers and methods used. G, Gyrophyllum; K, Kophobelemnon; 
F, Funiculina; H, Halipteris; ML, maximum likelihood method; BI, Bayesian inference.
Markers
CLADE III // out
SourceML BI
CoxI+mtMutS+28S G-(K-F) // H (G-K)-H // F Present study (Fig. 1)
mtMutS G-(K-F) // H G-(K-F) // H Present study (Fig. S2)
Cox1 G-K // F-H G-K // F-H Present study (Fig. S3)
CoxI+mtMutS (G-K)-F // H (G-K)-F // H Present study (Fig. S4)
28S (G-K)-H // F (G-K)-H // F Present study (Fig. S5)
mtMutS+ND2 G-(K-F) // H G-(K-F) // H Dolan et al. 2013, Kushida and Reimer 2018
Table S2. – Results from the molecular clock model comparisons.
Model Marginal likelihood Bayes factor
Relaxed log-normal -13209.7 5.6
Relaxed exponential -13215.3 209.2
Strict -13424.5 1161.2
Random local -14585.7 -
Fig. S5. – Phylogenetic relationships in the order Pennatulacea based on the maximum likelihood method for the nuclear marker 28S. Posterior 
probability and bootstrap supporting values are indicated on the different nodes. See Table 1 for species and GenBank accession numbers used 
in this tree.
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Table S3. – GenBank accession number of mtMutS sequences used in Figure S2.
Species mtMutS Species mtMutS 
Acanthoptilum gracile JN866544 Ptilella grayi MK603846
Actinoptilum molle GQ342491 Ptilosarcus gurneyi JN866521
Anthoptilum sp.1 MK919656 Renilla muelleri DQ297432
Calibelemnon sp. MK133473 Renilla reniformis EU293803
Cavernularia pusilla MT968957 Renilla sp. GQ342526
Cavernulina sp.1 MK133372 Renilla sp. MK133484
Cavernulina sp.2 MK133439 Sclerobelemnon sp. MK133376
Distichoptilum gracile KF313843 Sclerobelemnon theseus DQ311679
Distichoptilum gracile DQ302866 Scleroptilum grandiflorum KF313847
Distichoptilum gracile MK919657 Scytalium martensi MK133361
Echinoptilum macintoshi MK133436 Scytalium sp.1 MK133363
Funiculina armata KF313833 Stachyptilum dofleini MK133401
Funiculina quadrangularis JN866526 Stylatula elongata JX023275
Funiculina quadrangularis JN866545 Umbellula carpenteri KF313848
Funiculina quadrangularis MK919658 Umbellula encrinus KF313849
Funiculina sp. JN227941 Umbellula huxleyi KF313850
Funiculina sp.1 MT968959 Umbellula huxleyi MK919668
Funiculina sp.2 MT968960 Umbellula huxleyi MT968966
Gilibelemnon octodentatum MK603841 Umbellula magniflora KF313851
Gyrophyllum hirondellei MT968964 Umbellula sp. JN866562
Gyrophyllum hirondellei KY039182 Umbellula sp. JN866532
Gyrophyllum sp. DQ302869 Umbellula sp. JN227908
Gyrophyllum sp. KF313845 Umbellula sp. DQ302867
Gyrophyllum sp. KF313846 Umbellula sp. 1 MK919669
Halipteris californica JN866560 Umbellula sp. 3 MK919672
Halipteris californica JN866542 Umbellula sp. A MT968967
Halipteris finmarchica DQ302868 Umbellula sp. B MT968968
Halipteris finmarchica KF313835 Umbellula sp.1 KF313855
Halipteris cf. finmarchica MK919659 Umbellula sp.2 KF313856
Halipteris willemoesi JN866533 Umbellula sp.2 MK919670
Halipteris sp. MT968961 Umbellula thomsoni KF313853
Kophobelemnon macrospinum DQ302865 Umbellula thomsoni KF313854
Kophobelemnon pauciflorum KF313836 Umbellula monocephalus KF313852
Kophobelemnon sp.1 KF313837 Veretillum cynomorium MT968958
Kophobelemnon sp.1 MK919660 Veretillum sp.1 MK133435
Kophobelemnon sp.1 MT968962 Veretillum sp.2 MK133526
Kophobelemnon sp.2 KF313838 Virgularia cf. gustaviana MK133518
Kophobelemnon sp.2 MT968963 Virgularia cf. halisceptrum MK133359
Kophobelemnon sp.3 KF313839 Virgularia cf. rumphi MK133423
Kophobelemnon sp.3 MK919661 Virgularia mirabilis MT968969
Kophobelemnon sp.4 MK919662 Virgularia mirabilis KF313857
Pennatula rubra MK603845 Virgularia mirabilis KF313858
Pennatula aculeata MK919663 Virgularia mirabilis MK919673
Pennatula aculeata KF313840 Virgularia schultzei GQ342527
Pennatula murrayi KF313842 Virgularia sp.1 MK133378
Pennatula phosphorea MK603848 Virgularia sp.3 MK133393
Pennatula phosphorea JN866531 Virgularia sp.4 MK133400
Pennatula phosphorea KF313841 Virgularia sp.5 MK133410
Pennatula phosphorea KX904975 Virgularia sp.7 MK133424
Pennatula cf. phosphorea MK133428 Virgularia sp.9 MK133449
Pennatula sp. DQ302870 Virgularia sp.10 MK133462
Pennatula sp. MK603849 OUTGROUP
Protoptilum carpenteri MK919667 Ctenocella barbadensis AY533651
Protoptilum sp. DQ297431 Ctenocella schmitti JN227995
Protoptilum sp. EU293804 Ellisella sp. JN227994
Protoptilum sp. KF313844 Nicella americana KF803719
Pteroeides sp. DQ302871 Nicella carinata KF803720
Pteroeides griseum MT968965 Nicella obesa KF803727
Pteroeides caledonicum MK133429 Nicella toeplitzae KF803730
Pteroeides sp.1 MK133370 Nicella sp. KC788269
Pteroeides sp.2 MK133387 Nicella sp. KF803728
Pteroeides sp.2 MK133452 Nicella sp. KC788269
Pteroeides sp.3 MK133371 Nicella sp. KF803729
Pteroeides sp.4 MK133467 Verrucella sp. DQ302864
Pteroeides sp.5 MK133521 Viminella flagellum KF803745
Pteroeides sp.6 MK133527 Viminella sp. GQ342493
Ptilella grandis MK603844 Viminella sp. JX203794
